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needed to acquire level flight velocity. A hang glider, having a wing 
loading of 5 kglmL and capable of developing a lift coefficient of 1.0, 
should recover to horizontal flight wi:hin a vertical distance of about 
1 m This paper shows that the minimum recovery distance can be clo~ely 
approached if the glider is equipped with a small all-moveable tail 
surface having sufficient upward deflection. 
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DYNAMICS OF ULTRALIGHT AIRCRAFT - 
DIVE RECOVERY OF HANG GLIDERS 
Robert T. Jones 
Ames Research Center 
SUMMARY 
Longi tudinal  c o n t r o l  of  a hang g l i d e r  by weight s h i f t  is not  always 
adequate f o r  recovery from a v e r t i c a l  d ive .  According t o  Lanchester ' s  
phugoid theory,  recovery from r e s t  t o  h o r i z o n t a l  f l i g h t  ought t o  be 
p o s s i b l e  w i t h i n  a d i s t a n c e  equal  t o  t h r e e  t imes t h e  he igh t  of f a l l  neede4 
t o  a c q u i r e  l e v e l  f l i g h t  v e l o c i t y .  A hang g l i d e r ,  having a wing load ing  of 
5 kg/m2 and capable  of developing a l i f t  c o e f f i c i e n t  of  1.0, should recover  
t o  h o r i z o n t a l  f l i g h t  w i t h i n  a v e r t i c a l  d i s t a n c e  of about 12 m. Th i s  paper 
shows t h a t  t h e  minimum recovery d i s t a n c e  can be c l o s e l y  approached i f  t h e  
g l i d e r  i s  equipped w i t h  a smal l  all-moveable t a i l  s u r f a c e  having s u f f i c i e n t  
upward d e f l e c t i o n .  
INTRODUCTION 
Numerous hang-glider a c c i d e n t s  have occurred because of i n a b i l i t y  t o  
recover from a v e r t i c a l  d ive .  With l o n g i t u d i n a l  c o n t r o l  provided by weight 
s h i f t  t h e  c o n d i t i o n  of we igh t l e ssness  i n  f r e e  f a l l  is obviously a c r i t i c a l  
cond i t ion  f o r  c o n t r o l .  The cond i t ions  which l ead  t o  p o s s i b l e  recovery,  o r  
l ack  of i t ,  have been analyzed by W. H. P h i l l i p s  f o r  a g l i d e r  of t h e  Rogallo 
type (see  r e f s .  1 and 2 ) .  P h i l l i p s  showed t h a t  recovery depends on a 
marginally p o s i t i v e  va lue  of t h e  p i t c h i n g  moment c o e f f i c i e n t ,  Cm a t  ze ro  
l i f t .  Such a p o s i t i v e  o r  nose-up p i t c h i n g  moment r e q u i r e s  t h a t  t h e  a i r f o i l  
have a r e f l e x  camber near  t h e  t r a i l i n g  edge. Using a t y p i c a l  ve lue  f o r  a 
Rogallo wing, i t  was found t h a t  recovery t o  h o r i z o n t a l  f l i g h t  r equ i red  
v e r t i c a l  d i s t a n c e s  of t h e  o rde r  of 30 t o  90 m and involved a c c e l e r a t i o n s  of 
5 t o  6 g. 
When i t  i s  r e a l i z e d  t h a t  a g l i d e r ,  having a wing load ing  of on ly  
5 kg/m2 w i l l  a c q u i r e  f l i g h t  v e l o c i t y  a f t e r  a f a l l  of less than 5 m, t h e s e  
recovery d i s t a n c e s  seem unduly l a r g e .  I t  was thought worthwhile,  t h e r e f o r e ,  
t o  exp lo re  t h e  p o s s i b i l i t y  of improving t h e  d i v e  recovery by employing an 
aerodynamic e l e v a t o r  c o n t r o l .  
M I N I M U M  ALTITUDE FOR RECOVERY AT A CONSTANT LIFT COEFFICIENT 
I n  h i s  book "Aerodonetics" publ ished i n  1906 ( r e f .  3) F. W. Larichester 
descr ibed the  d i v i n g  and undula t ing motions of an a i r p l a n e  and gave a c c u r a t e l y  
drawn curvss  of  t h e  pa ths  which he c a l l e d  "phugoid" motions. Lanches te r ' s  
drawing of t h e  phugoid curves  is da ted  1897, 6 y e a r s  be fo re  t h e  Wright 
b ro the r s '  f l i g h t .  In  c a l c u l a t i n g  t h e s e  curves ,  Lanchester  assumed t h a t  t h e  
l i f t  i s  p ropor t iona l  t o  t h e  square  of t h e  v e l o c i t y  ( i . e . ,  t h e  a i r p l a n e  
maintained a  constant  ang le  of a t t a c k  and hence a  cons tan t  l i f t  c o e f f i c i e n t )  
and t h a t  t h e  drag i s  n e g l i g i b l e  i n  comparison t o  the  l i f t .  
F i ; :~ t re  1 shows a  few f l i g h t  p a t h s  t r aced  from Lanchester ' s  curves .  The 
d i s t a n c e  H below t h e  h o r i z o n t a l  datum l i n e  is  propor t iona l  t o  t h e  square  
of the  v e l o c i t y  acquired i n  a f r e e  f a l l  from t h i s  l i n e ,  t h a t  is, 
The l i n e  H, r e p r e s e n t s  t h e  he igh t  needed t o  a c q u i r e  l e v e l  f l i g h t  v e l o c i t y  
i n  f r e e  f a l l .  For a g l i d e r ,  \aving a  wing loading of 5 kg/m2 and a  l i f t  
c o e f f i c i e n t  of  1.0, the  v e l o c i t y  Vo w i l l  be 9 m / s  2nd t h i s  v e l o c i t y  w i l l  be  
acquired i n  a f a l l  of 4 m. Refe r r ing  t o  f i g u r e  1 i t  w i l l  be  noted t h a t  one 
of the  f l i g h t  pa ths  touches the  l i n e  of ze ro  v e l o c i t y .  I n  t h i s  case ,  t h e  
a i r c r a f t  s t a r t s  from r e s t  i n  a  v e r t i c a l  d i v e  and recovery t a k e s  p l a c e  along 
a c i r c u l a r  a r c  which becomes h o r i z o n t a l  a t  a  d i s t a n c e  3Ho below t h e  datum 
l i n e .  Using t h i s  p a r t i c u l a r  c a l c u l a t i o n  of Lanchester ' s  a s  a model, we may 
say t h a t  t h e  minimum a l t i t u d e  needed t o  recover from a  v e r t i c a l  d i v e  is j u s t  
t h r e e  t imes t h e  he igh t  needed t o  a c q u i r e  l e v e l  f l i g h t  v e l o c i t y .  For t h e  
example given above we have 3 x 4 = 12 m. 
S ince  recovery t akes  p lace  i n  t h r e e  t imes t h e  d i s t a n c e  needed t o  
acqu i re  l e v e l  f l i g h t  v e l o c i t y ,  the  square  of t h e  v e l o c i t y  a t  t h e  bottom of 
the  recovery curve  is a l s o  j u s t  t h r e e  t imes v:, where Vo is t h e  v e l o c i t y  
f o r  l e v e l  f l i g h t  a t  one g. Since  t h e  l i f t  c o e f f i c i e n t  is cons tan t  throughout 
t h e  motjon, t h e  a c c e l e r a t i o n  a t  t h e  bottom of t h e  recovery curve  w i l l  be 
3 g ,  independent of  t h e  wing load ing ,  t h e  l i f t  c o e f f i c i e n t ,  o r  t h e  a i r  
dens i ty .  
Convert ing Lanches te r ' s  formula,  we o b t a i n  f o r  t h e  r a d i u s  R of t h e  
phugoid curve 
where WIS is  t h e  wing loading,  CL is t h e  l i f t  c o e f f i c i e n t ,  and p t h e  
a i r  d e n s i t y ,  assumed cons tan t  throughout t h e  recovery.  I n  t h e  c a s e  of  
t h e  Boeing 747, t h e  wing loading is approximately 700 kg/m2, o r  about f i v e  
t imes t h e  weight pe r  u n i t  s u r f a c e  a r e a  of a  grand piano. Assuming a  l i f t  
c o e f f i c i e n t  of 1 . 0 ,  we o b t a i n  
f o r  t h e  recovery r a d i u s  and a l t i t u d e .  Again recovery t akes  p l a c e  a t  3 g  - 
a maneuver t h e  747 could undoubtedly n e g o t i a t e  without d i f f i c u l t y .  
The a c t u a l  minimum he igh t  f o r  recovery w i - 1  be somewhat g r e a t e r  than 
given by Lanchester ' s  theory because of s e v e r a l  f a c t o r s  such a s  t h e  d rag ,  t h e  
damping of r o t a t i o n  i n  p i t c h ,  and t h e  moment of i n e r t i a  of t h e  a i r c r a f t .  The 
e f f e c t  of t h e  Ciag on the  recovery pa th  i s  show,, i n  f i g u r e  2. Here we have 
assumed !rag c o e f f i c i e n t s  of 0, 0.1, and 0.2, t h e  l a t t e r  corresponding t o  
L/J r a t i o s  of 10 and 5 ,  r e s p e c t i v e l y .  The d rag ,  of course ,  reduces  t h e  
v e l o c i t y  of t h e  g l i d e r  but l e a d s  t o  a  small  i n c r e a s e  i n  t h e  recovery a l t i t u d e .  
With an L I D  of 5, t h e  recovery d i s t a n c e  i s  increased by about 1 .2  m, from 
12 t o  13.2 m. The most important e f f e c t  of t h e  drag is  t o  reduce t h e  peak 
a c c e l e r a t i o n  dur ing recovery. Thus, wi th  a  d rag  c o e f f i c i e n t  of 0.2, t h e  
maximum load is reduced from 3 t o  2  g. 
CONTROL MOMENTS NEEDED TO FOLLOW MINIMUM RECOVERY PATH 
I n  these  c a l c u l a t i o n s  based on Lanchester ' s  theory,  we have assumed 
t h a t  t h e  p i l o t  had s u f f i c i e n t  c o n t r o l  t o  maintain t h e  g l i d e r  a t  a  cons tan t  
l i f t  c o e f f i c i e n t  throughout t h e  recovery path.  Since t h e  pa th  is a  p e r f e c t  
c i r c l e   an^ t h e  v e l o c i t y  is  given by v2 = 2gH, i t  is no t  d i f f i c u l t  t o  compute 
t h e  c o n t r o l  moments needed t o  mainta in  t h i s  condi t ion.  Figure  3 shows t h e  
r e s u l t  of t h i s  c a l c u l a t i o n .  Also shown a r e  es t imates  of t h e  c o n t r o l  moments 
a v a i l a b l e  from an aerodynamic e l e v a t o r  c o n t r o l  and from a  weight s h i f t  of 
10% of the  wing chord. It is  ev iden t  from t h i s  diagram t h a t  one of t h e  
d i f f i c u l t i e s  of t h e  i d e a l  recovery pa th  is  i n  g e t t i n g  s t a r t e d .  The i n e r t i a  of 
t h e  g l i d e r  i n  p i t c h  is  d i f f i c u l t  t o  overcome a t  t h e  beginning.  During most 
of t h e  pa th ,  however, t h e  primary r e s i s t a n c e  is o f f e r e d  by t h e  aerodynamic 
damping i n  p i t c h ,  Cm.. Figure 4 i l l u s t r a t e s  t h e  o r i g i n  of t h i s  damping term. 
0 
A simple c a l c u l a t i o n  shows t h a t  t h e  p r o j e c t i o n  of t h e  h o r i z o n t a l  t a i l  away 
from the  curved f l i g h t  path is  s u f f i c i e n t  t o  i n c r e a s e  its ang le  of a t t a c k  by 
17'. Assuming an all-moving t a i l ,  17' of upward d e f l e c t i o n  is  needed j u s t  
t o  b r i n g  t h e  t a i l  t o  zero l i f t .  The i n d i c a t i o n  is  t h a t  very l a r g e  e l e v a t o r  
d e f l e c t i o n s  w i l l  be needed t o  approximate t h e  i d e a l  recovery path.  In  t h e  
c a s e  of a more heav i ly  loaded, convent ional  a i r p l a n e  t h e  r a d i u s  of curva tu re  
of t h e  f l i g h t  pa th  w i l l  be much g r e a t e r  i n  propor t ion t o  t h e  dimensions of 
t h e  a i r p l a n e  and hence, such l a r g e  c o n t r o l  d e f l e c t i o n s  a r e  no t  needed. 
It is i n t e r e s t i n g  t h a t  a  s h i f t  of  t h e  "weight," al though i t  produces no 
moment a t  t h e  beginning. never the less  produces a  constant  moment c o e f f i c i e n t  
throughout t h e  motion, j u s t  a s  an aerodynamic c o n t r o l  s u r f a c e  does. This w i l l  
be t r u e ,  however, only  i f  t h e  f a l l  s t a r t s  wi th  t h e  g l i d e r  a t  a  p o s i t i v e  
ang le  of a t t a c k .  I f  the  g l i d e r  s t a r t s  a t  ze ro  angle  of a t t a c k ,  t h e  rearward 
weight s h i f t  w i l l  be i n e f f e c t i v e ,  a s  pointed o u t  by P h i l l i p s .  
RECOVERY STARTING FROM ZERO LIFT ATTITUDE 
Pigure  5 shows a  comparison of t h e  recovery p a t h s  computed f o r  a  g l i d e r  
having an aerodynamic e l e v a t o r  c o n t r o l  compared wi th  a  pa th  computed by 
P h i l l i p s  f o r  a g l i d e r  of t h e  Rogallo type w i t h  c o n t r o l  by weight s h i f t i n g .  
Recovery of t h e  Rogallo g l i d e r  r e q u i r e s  approximately 50 m, and involves  
a  peak loading of 5.5 t o  6 g. Recovery of the  g l i d e r  wi th  t h e  e l e v a t o r  
c o n t r o l  takes  p lace  i n  14 in and involves  a  peak a c c e l e r a t i o n  s l i g h t l y  more 
than 3 g. We have assumed i n  each c a s e  t h a t  t h e  g l i d e r  s t a r t s  from r e s t  a t  
an  a t t i t u d e  of zero  l i f t .  The recovery of t h e  g l i d e r  wi th  e l e v a t o r  c o n t r o l  
t a k e s  somewhat longer  than i n d i c a t e d  by Lanchester ' s  theory because of  t h e  
r o t a t i o n  requ i red  a t  t h e  beginning. 
Figure  6 shows t h e  e f f e c t  of e l e v a t o r  c o n t r o l  power on t h e  h e i g h t  needed 
f o r  recovery and shows the  importance of l a r g e  e l e v a t o r  d e f l e c t i o n s  i n  t h e  
c a s e  of u l t r a l i g h t  a i r c r a f t .  S t a l l i n g  of t h e  h o r i z o n t a l  t a i l  is not  of 
concern i n  t h i s  s i t u a t i o n  s i n c e ,  as mentioned e a r l i e r ,  t h e  curva tu re  of t h e  
f l i g h t  p a t h  r e s u l t s  i n  a  l a r g e  p o s i t i v e  ang le  of  a t t a c k  (17'). 
The time requ i red  t o  s t a r t  t h e  r o t a t i o n  i n  p i t c h  r e s u l t s  i n  somewhat 
g r e a t e r  loads  dur ing  f a s t  recovery than i n d i c a t e d  by Lanches te r ' s  theory 
( i . e . ,  3 g ) .  F igure  7 shows t h e  peak loadings  encountered and a l s o  t h e  
maxiaum l i f t  c o e f f i c i e n t s  p l o t t e d  a g a i n s t  t h e  nose-up p i t c h i n g  moment 
c o e f f i c i e n t .  I n  making t h e s e  c a l c u l a t i o n s ,  i t  was found t h a t  t h e  d rag  had 
l i t t l e  i n f l u e n c e  on t h e  recovery he igh t  but had a  s i g n i f i c a n t  i n f l u e n c e  on 
t h e  peak a c c e l e r a t i o n ,  a s  f i g u r e  7 shows. 
APPENDIX 
EQUATIONS OF MOTION AND CHARACTERISTIC PARAMETERS 
The f l i g h t  p a t h s  were computed by a  s t spwise  i n t e g r a t i o n  of  t h e  fo l lowing 
equa t ions  of l o n g i t u d i n a l  motion: 
F 
Fy + s i n  y = - C 2IJ L 
Here F  is t h e  Froude number: 
,J is t h e  r e l a t i v e  d e n s i t y  of t h e  a i r c r a f t  
and 
where 
y is t h e  f l i g h t  pa th  angle  measured from t h e  v e r t i c a l ,  equal  t o  90' when 
t h e  f l i g h t  path  is h o r i z o n t a l .  
where % is t h e  r a d i u s  of g y r a t i o n  i n  p i t c h .  The p i t c h  a n g l e  8 is  
0 = y + a where a is t h e  ang le  of a t t a c k  measured from ze ro  l i f t .  
The drag c o e f f i c i e n t  CD was assumed c o n s t a n t  and t h e  c o e f f i c i e n t s  CL 
and C, were assumed t o  vary  l i n e a r l y  wi th  ang le  of a t t a c k  and p i t c h  r a t e .  
The l i f t  c o e f f i c i e n t  of t h e  wing was c a l c u l a t e d  from t h e  formula: 
The term CLI is an  e s t i m a t e  of t h e  l i f t  produced by t h e  " v i r t u a l  mass" of 
t h e  wing and has its c e n t e r  of p ressure  near  t h e  centef of a rea .  I n  CL 
t h e  l a r g e s t  term is  a (dCL/da). The terms involving 8 account f o r  I1 
the  apparent camber of t h e  wing i n  c u r v i l i n e a r  f l i g h t .  The c o n t r i b u t i o n  
C ~ ,  has its c e n t e r  of p r e s s u r e  a t  t h e  aerodynamic c e n t e r  of t h e  wing o r  
L L 
0.25 c  behind t h e  l ead ing  edge. C~~~~ was assumed t o  a c t  a t  t h e  0.50 c  p o i n t ,  
x is t h e  d i s t a n c e  of t h e  c e n t e r  of g r a v i t y  behind t h e  l ead ing  edge, and 
cg is  t h e  " s t a t i c  margin," t h a t  i s ,  t n e  d i s t a n c e  of t h e  cen te r  of g r a v i t y  ahead 
of t h e  aerodynamic c e n t e r  of t h e  a i r c r a f t .  I n  t h e  c a l c u l a t i o n s  given t h e  
following va lues  were used : 
'ac 
= 0.357 c  ( inc ludes  t h e  e f f e c t  of t h e  t a i l )  
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